Abstract: Mineral trioxide aggregate (MTA) is a commonly used endodontic repair material reported to exhibit calcified-tissue conductive activity. The effect of MTA on osteoblast differentiation has been well-defined; however, its effect on mesenchymal cells is not fully understood. Recently, we reported that MTA converts the differentiation pathway of pluripotent mesenchymal cells (C2C12 cells) into osteoblast lineages, possibly through the influx of elution components, such as calcium ions released from MTA. The purpose of this study was to investigate whether calcium ions released from MTA flow directly into C2C12 cells and whether this influx increases intracellular calcium levels. C2C12 cells were loaded with fluo-3 acetoxymethyl ester, which acts as a calcium-sensitive fluorescent probe. The intracellular calcium levels of C2C12 cells were assessed by confocal laser scanning microscopy. MTA induced a rapid increase in fluorescence intensity (FI) in C2C12 cells; however, application of Dulbecco's modified Eagle's medium (DMEM) as the growth medium had no such effect. To clarify the specific effects of MTA-derived calcium ions, we used calcium chloride as an exogenous calcium ion source and ethylene glycol tetraacetic acid (EGTA) as a calcium chelator. DMEM containing calcium chloride elicited a rapid rise in FI, whereas MTA plus EGTA did not affect FI. Moreover, MTA did not affect FI in C2C12 cells pre-incubated with verapamil, an L-type voltage-dependent calcium channel (VDCC L ) blocker. Our data suggest that calcium ions released from MTA flow directly into C2C12 cells via VDCC L .
Introduction
The use of mineral trioxide aggregate (MTA) has been recommended for various endodontic treatments, including rootend filling, perforation repair, apexification, direct pulp capping and pulpotomy 1) . The widespread implementation of MTA is explained by higher clinical and radiographic success rates compared to other commonly used materials, which are attributed to the beneficial properties of MTA, including superior sealing ability, biocompatibility and bioactivity 2, 3) . Recently, the biological activities of MTA have been investigated at the cellular level. In vivo studies have shown that MTA allowed cemental regeneration over root-end fillings in dogs 4) and monkeys 5) , whereas in vitro studies reported that osteoblasts 6, 7) , periodontal ligament cells 8) , and dental pulp cells 9, 10) attached to MTA, which induced proliferation. These findings suggest that MTA stimulates the repair and regeneration of mineralized tissues.
The healing of bone and periodontal tissue involves complex pathways that require coordination at a variety of stages. Several mechanisms for the formation of hard tissue over MTA have been suggested, including the process of cell differentiation into hard tissue-forming cells, progressive migration between the MTA surface and fibrous connective tissue and the activation of mineralization. Mesenchymal cells are generally required in these processes and play a critical role 11) in hard tissue formation.
Although the effect of MTA on osteoblast differentiation has been well-defined, relatively little information is available regarding the effect of MTA on mesenchymal cell differentiation. The effect of MTA on cells of the osteoblastic lineage at various maturation stages has been studied using several primary and osteoblastic cell lines; however, the osteoblastic-differentiation cascade is not fully understood because of the limited number of suitable in vitro model systems that can be used to confirm osteoblast differentiation from nonosteogenic cells. The progenitor cells of myoblasts, C2C12 cells, originate from undifferentiated mesenchymal cells and have the capacity to differentiate into osteoblasts, chondroblasts, myoblasts or adipocytes 12) . We previously reported that MTA converts the differentiation pathway of C2C12 cells into osteoblast lineages, possibly through an influx of elution components, such as calcium ions released from MTA 13) . However, the intracellular calcium ion concentration of C2C12 cells treated with MTA has not been determined.
Therefore, the aim of this study was to determine the intracellular calcium levels of C2C12 cells treated with MTA by using confocal laser scanning microscopy and calcium-sensitive fluorescent probes.
Materials and Methods

Reagents
Dulbecco's modified Eagle's medium (DMEM), fetal bovine serum (FBS) and other cell culture reagents were obtained from Gibco BRL (Grand Island, NY, USA). Fluo-3 acetoxymethyl ester (Fluo-3) from Dojindo Molecular Technologies Inc. (Kumamoto, Japan) was used in the presence of the calcium ion indicator pluronic acid (Pluronic F-127), purchased from BASF Japan (Tokyo, Japan). All other reagents were purchased from Sigma Chemicals (St Louis, MO, USA) unless otherwise indicated.
Preparation of MTA
The test material used in this study was white MTA (ProRoot MTA), obtained from Dentsply Tulsa Dental (Johnson City, TN, USA). The MTA was mixed according to the manufacturer's instructions. Each pellet (diameter = 9 mm; thickness = 3 mm) was allowed to set for 24 h at 37°C in 100% humidity and placed in 2.0 mL of DMEM for 3 days, with a daily change of medium, as described by Perinpanayagam et al 14) . At day 3, DMEM in the presence of MTA was collected and used to assess changes in intracellular calcium ions in C2C12 cells.
Cell culture
C2C12 cells were obtained from RIKEN Cell Bank (Tsukuba Science City, Japan). The C2C12 cells are subclones of C2 myoblasts that were originally isolated from the thigh muscle of a C3H mouse. Cells were maintained in DMEM containing 10% (vol/vol) FBS and 1% (vol/vol) penicillin-streptomycin solution (50 units/mL penicillin and 50 g/mL streptomycin) at 37°C in a humidified environment containing 95% air and 5% CO 2 . Cell morphology was visualized using a DIAPHOTO phase-contrast microscope (Nikon; Tokyo, Japan) to assess the condition of the culture.
Assessment of intracellular calcium levels
C2C12 cells were loaded with Fluo-3 and pluronic acid, a nonionic surfactant that is used to facilitate solubilization of the acetoxymethyl ester. The loading procedure was performed according to previous reports 15, 16) . Briefly, the C2C12 cells were plated at an initial density of ~3 × 10 3 cells/well in a glass-bottomed dish (Matsunami Glass Ind. Ltd; Osaka, Japan). Cultured, subconfluent C2C12 cells were incubated in 2 mL of serum-free DMEM containing 10 M Fluo-3 and 0.04% pluronic acid for 30 min at 37°C in the dark. The loaded cells were washed at least three times with fresh serum-free DMEM before the intracellular calcium levels were assessed.
The culture dish was then mounted on the stage of an LSM 510 inverted confocal laser scanning microscope (Carl Zeiss; Jena, Germany) using an oil immersion objective lens (63 × ) and an argon laser excitation source (488 nm). The fluorescence intensity (FI) was detected using a wavelength band pass of 500-550 nm. Fluorescence images were scanned for 50 s and stored as a time series. MTA was applied to the cells (3 mL) once a stable FI baseline had been recorded for 10 s. Measurements were taken from defined fields of view that included individual cells. The increase in intracellular calcium ions immediately after application of MTA was calculated by subtracting the resting FI from peak FI ( FI) 15, 17) and dividing this value by the resting FI for normalization. Because the uptake of Fluo-3 by C2C12 cells varied in each cell, the normalized ratio of the FI value was used for the assessment of intracellular calcium ions. Serum-free DMEM served as the control.
Effect of ryanodine receptor blocker on calcium ion influx
Prior to the application of MTA, C2C12 cells were incubated for 10 min in serum-free DMEM containing 100 M of ryanodine, which serves as a ryanodine receptor blocker. After incubation, intracellular calcium levels were assessed as described previously.
Effect of exogenous calcium ions on calcium ion influx
Calcium chloride was used as an exogenous calcium ion source for the assessment of intracellular calcium levels. Serum-free DMEM supplemented with 0.35 mM calcium chloride instead of MTA was applied to C2C12 cells pre-incubated with ryanodine. Following incubation, intracellular calcium levels were assessed.
Effect of calcium chelator on the influx of calcium ions
Ethylene glycol tetraacetic acid (EGTA) was used as a calcium chelator for the assessment of intracellular calcium levels. MTA plus 0.35 mM of EGTA were applied to C2C12 cells pre-incubated with ryanodine prior to intracellular calcium concentration assessment. 
Effect of L-type voltage-dependent calcium channel blocker on
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Statistical analysis
All experiments were performed in five independent trials. FI values were calculated for one image by averaging the values from five cells. The normalized ratio of the FI value of each group represents the mean ± standard deviation (SD). Statistical significance (p < 0.05) in comparison with control levels was determined by using a one-way ANOVA technique following post hoc comparisons using Dunnett's test.
Results
Effect of MTA on intracellular calcium levels
Application of serum-free DMEM, which served as the control, did not affect FI (Fig. 1A) . On the other hand, application of MTA to C2C12 cells elicited a rapid rise in FI; however, this was followed by a rapid return of FI to near-baseline levels (Fig.  1B) . A significant difference in FI response was observed between cells treated with DMEM and those treated with MTA ( Fig. 5 . Group A vs Group B).
Effect of ryanodine receptor blocker on influx of calcium ions
The release of calcium from the sarcoplasmic reticulum is inhibited by ryanodine, a ryanodine receptor blocker. Application of MTA to C2C12 cells pre-incubated with 100 M of ryanodine induced a rapid rise in FI (Fig. 2) . A significant difference in FI response was observed between cells treated with DMEM and those treated with MTA plus ryanodine (Fig. 5 . Group A vs Group C).
Effect of exogenous calcium ions and calcium chelation on calcium ion influx
The release of calcium ions from MTA was investigated using calcium chloride, an exogenous calcium ion source, and EGTA, a calcium chelator. Intracellular calcium levels in C2C12 cells preincubated with ryanodine were assessed. Application of serumfree DMEM containing 0.35 mM calcium chloride elicited a rapid rise in FI (Fig. 3A) ; however, MTA plus 0.35 mM of EGTA had no effect on FI (Fig. 3B) . A significant difference in FI levels was observed between DMEM and DMEM containing calcium chloride ( Fig.5 ; Group A vs. Group D); however, no significant difference was found between DMEM and MTA plus EGTA (Fig.  5 . Group A vs Group E). 
Effect of VDCC L blocker on influx of calcium Ions
Discussion
MTA is a promising biomaterial that is widely used in various endodontic treatments due to its excellent biocompatibility, superior sealing, and its ability to set in the presence of blood.
MTA is composed of a hydrophilic powder that consists of tricalcium silicate, dicalcium silicate, tricalcium aluminate, bismuth oxide and gypsum 18) . Calcium and phosphorus are the main ions present in MTA, as calcium oxide and calcium phosphate 19) . Some investigators report that calcium oxide reacts with tissue fluids to form calcium hydroxide 20, 21) . The levels of calcium ions released from MTA are reported to be optimal for cell proliferation 9) and mineralization 22) . We recently reported that MTA converts the differentiation pathway of C2C12 cells to osteoblast and/or chondroblast lineages through the influx of elution components, such as calcium ions released from MTA 13) . The purpose of this study was to clarify the influx of calcium ions released from MTA into C2C12 cells; thus, we investigated changes in intracellular calcium resulting from the presence of MTA.
The effect of MTA on the levels of intracellular calcium ions in C2C12 cells was initially evaluated using serum-free DMEM.
Addition of MTA induced a rapid rise in FI, while serum-free DMEM had no effect. Although this result was transient, it demonstrated an increase in intracellular calcium levels in C2C12 cells in response to MTA.
Calcium ions are released from the sarcoplasmic reticulum, a specialized intracellular calcium storage site, through the ryanodine receptor in C2C12 cells 23, 24) . In addition, high ryanodine concentrations abolish the release of calcium ions by the ryanodine receptor [25] [26] [27] . To determine whether the increase in intracellular calcium levels is caused by a direct influx of calcium ions released by MTA, cells were incubated with 100 M ryanodine, a ryanodine receptor blocker. MTA induced a significant and rapid rise in FI, suggesting direct uptake of MTA-released calcium ions by C2C12 cells.
The concentration of DMEM calcium ions in the presence of MTA was measured using a method similar to that described by Takita et al 9) . The average concentration of calcium ions was ~0.35 mM (data not shown). Calcium chloride (0.35 mM), an exogenous calcium ion source, or EGTA (0.35 mM), a calcium chelator, was used to assess intracellular calcium levels. As expected, application of serum-free DMEM containing calcium chloride elicited a rapid rise in FI; however, MTA plus EGTA had no effect. Therefore, uptake of calcium ions by these cells is dependent on the release of calcium ions from MTA.
Our previous findings suggested that calcium ions released from MTA induce the differentiation of C2C12 cells through the involvement of VDCC L 13) , a channel critical to the control of calcium ion influx 28) . To evaluate the effect of a VDCC L blocker on calcium ion influx, C2C12 cells were incubated in DMEM containing verapamil and 100 M ryanodine prior to MTA application. The verapamil concentration used in this study was 10 M, which has been reported to have no effect on differentiation of C2C12 cells 29) . Indeed, MTA did not significantly affect F1 levels compared to the control, confirming that increases in intracellular calcium levels in C2C12 cells are dependent on expression of VDCC L .
Verapamil tonically blocks VDCC L in inner pores with micromolar affinity, and its affinity increases at depolarized membrane potentials. Moreover, it has been reported that verapamil blocks T-type voltage-dependent calcium channels 30) . In the future, we will clarify the details of the influx of calcium ions into C2C12 cells during depolarization, using not only verapamil but also another type of calcium channel blocker.
In conclusion, our data suggest that calcium ions released by MTA directly increase intracellular calcium levels in C2C12 cells through VDCC L -mediated influx.
